Abstract: Stimulated Raman scattering spectroscopy is a powerful technique for label-free molecular identification, but its broadband implementation is technically challenging. We introduce and experimentally demonstrate a novel approach based on photonic time stretch. The broadband femtosecond Stokes pulse, after interacting with the sample, is stretched by a telecom fiber to ≈15ns, mapping its spectrum in time. The signal is sampled through a fast analog-to-digital converter, providing single-shot spectra at 80-kHz rate. We demonstrate ≈10
Introduction
Raman spectroscopy is a powerful technique for label-free identification of molecules, based on their characteristic vibrational fingerprint. It finds applications in biomedical optics, for imaging and quantitative analysis of cells and tissues [1] , in materials science [2] and in the standoff detection of airborne species [3] . The simplest Raman spectroscopy technique is spontaneous Raman [4] , in which a quasi-monochromatic laser excites the molecule to a virtual state, which then relaxes to the ground state emitting photons at lower, Stokes-shifted frequencies. Spontaneous Raman measures the full vibrational spectrum, providing a detailed picture of the biochemical composition of the substances being measured [1] . However, due to the intrinsically low Raman cross section, it only gives very weak signals, resulting in low acquisition speeds, of the order of seconds per spectrum.
This speed limitation can be overcome by Coherent Raman Scattering (CRS) [5] , a class of third-order nonlinear optical techniques that drive the sample with a pair of light pulses the socalled pump (at frequency  p ) and Stokes (at frequency  S ). When the difference between pump and Stokes frequencies matches a vibrational frequency , i.e. p -S = , then the molecules in the focal volume are resonantly excited and vibrate in phase; this vibrational coherence enhances the Raman response by many orders of magnitude with respect to the incoherent spontaneous Raman process.
The two most widely employed CRS techniques are Coherent Antistokes Raman Scattering (CARS) [6, 7] and Stimulated Raman Scattering (SRS) [8] [9] [10] . In the CARS process the vibrational coherence is read by a further interaction with the pump beam, generating a coherent radiation at the anti-Stokes frequency  aS =  p + . In SRS the coherent interaction with the sample induces stimulated emission from a virtual state of the sample to the investigated vibrational state, resulting in a Stokes-field amplification (called Stimulated Raman Gain, SRG) and in a simultaneous pump-field attenuation (called Stimulated Raman Loss, SRL). CARS is free from linear background as it detects a signal at  aS that is blue-shifted with respect to the pump and Stokes pulses. On the other hand, CARS is affected by a non-resonant background (NRB), due to four-wave-mixing, which prevents a straightforward extraction of quantitative information, unless using complex phase-retrieval algorithms [11] that can hardly be implemented at high speeds. Furthermore, the CARS response scales quadratically with the number of oscillators in the focal volume, making it very hard to quantify concentrations and to probe dilute species. These drawbacks of CARS are overcome by SRS, which does not suffer from NRB and inherently provides a linear dependence of the signal on the concentration of the sample. The technical challenge of SRS lies in the requirement to detect a weak differential signal (SRG or SRL) on top of a large linear background (the Stokes or the pump pulse). This is typically accomplished by high-frequency (a few MHz) amplitude modulation of one of the laser beams (pump or Stokes) followed by lock-in detection of its counterpart (Stokes or pump), which enables one to reach shot noise limited sensitivity.
Current implementations of CRS, while achieving extremely high acquisition speeds up to the video rate [7, 10] , mostly work at a single frequency, with narrowband pump and Stokes pulses, thus providing limited chemical information. The extension of CRS to the broadband regime is technically challenging [12] . Broadband CARS [13, 14] can be implemented by replacing (i) the narrowband pump or Stokes pulse with a broadband pulse generated in a tapered optical fiber [15] or a photonic crystal fiber [16, 17] and (ii) the single-pixel detector (typically an avalanche photodiode or a photomultiplier) with a (cooled) CCD or a photodiode array with hundreds or thousands of pixels. In this way, a very large spectral coverage [18] can be reached, ultimately over the entire Raman band. The pixel dwell time in this case is often limited to a few milliseconds by the read-out speed of the camera. Cicerone and coworkers, taking advantage of the heterodyne amplification of weak CARS signals via the NRB and employing phase retrieval methods [11] , demonstrated background-free Raman microscopy with linear dependence on the sample concentration down to the fingerprint region [13] . Hyperspectral CARS imaging has also been demonstrated by sequentially recording singlecolour CARS signals at different frequencies by simply varying the delay between broadband femtosecond pump and Stokes pulses chirped up to a few picoseconds using a spectral focusing technique [19, 20] . Finally, broadband CARS has been demonstrated using a Fourier transform approach, in which the CARS signal is detected in the time domain as the modulation induced by the vibrational coherence on a time-delayed probe pulse [21] [22] [23] .
First attempts to realize broadband SRS were based on slow (readout rates up to a few kHz) optical multichannel analyzers (OMAs) [24] [25] , resulting in a very long measurement time, also due to the intrinsic shot noise of the detectors (limited by the 10 4 10 6 -electrons full-well capacity of each pixel, corresponding to 10 -2
10
-3 maximum SRS sensitivity for a single couple of pump-on/pump-off spectra [26] ). Hyperspectral SRS was achieved using the so-called sweptsource approach, in which narrowband picosecond pulses are rapidly tuned using either a wavelength scanner [27] or an optical parametric oscillator equipped with an electro-optical filter [28] . Recently, Huber and coworkers demonstrated a low-cost fiber-based version of the swept-source SRS technique, based on a rapidly tunable continuous-wave laser, providing excellent spectral resolution (< 3 cm ) and very large spectral coverage [29] . Another method uses an acousto-optical tunable filter to modulate the various spectral portions of a broadband pulse at different frequencies, so that the SRS spectrum can be reconstructed by demodulating the signal at different frequencies [30] . As with CARS, spectral focusing based on chirped femtosecond pulses can also be applied to multiplex SRS [31, 32] and provides quantitative Raman images free from NRB at high speed. Parallel detection of broadband SRS spectra has been performed with a multi-channel lock-in amplifier but only at low modulation frequencies (a few kHz), again limiting the sensitivity [33, 34] . Much better results were obtained using a multi-channel active filter, in which a series of special electronic band-pass filters and transimpedance amplifiers were tuned to specifically extract and amplify only the signal at the modulation frequency of the pump pulse [35] . Finally, a proof of principle of time-domain Fourier-transform detection of the broadband SRS spectrum was recently performed using a passive birefringent interferometer [36] .
Photonic time stretch (PTS) spectroscopy, also known as dispersive Fourier transform, is a powerful technique for single-channel measurement of optical spectra at high repetition rates [37] [38] [39] . It consists in temporally stretching the pulse to be measured, typically by a long optical fiber, to a duration of a few nanoseconds, so that it can be accurately sampled by a highfrequency analog to digital converter (ADC). By calibrating the dispersion introduced by the optical fiber, each point of the sampled temporal profile can be uniquely associated with a wavelength, allowing measurement of spectra at repetition rates up to tens of MHz. PTS, with its unique capability to measure single-shot spectra at high repetition rates, has found application in the detection of optical rogue waves [40] and in the study of dynamical processes, such as the onset of the mode-locking regime [41] .
In this paper, we apply the PTS approach to the detection of broadband SRS spectra. The concept of PTS-SRS is quite simple: a narrowband pump and a broadband Stokes pulse are combined, the pump is modulated and the Stokes spectra after the sample are detected by the PTS technique at high speed. Using a laser system running at 80-kHz repetition rate, we demonstrate the acquisition of broadband SRS spectra across the CH stretching band (2700-3250 cm -1 ) with sensitivity well below 10 . By a proper optimization of the excitation source, we anticipate a significant increase of the detection bandwidth and the acquisition speed. 
Experimental setup
Our PTS-SRS system is depicted in Fig. 1 . It starts with a regeneratively amplified Yb:KGW laser (Pharos, Light Conversion) generating 290-fs pulses at 1026 nm with 80-kHz repetition rate. For our experiments we used an average power of 1 W, corresponding to 12.5-J pulse energy. The laser output is divided in two arms: the first one generates the narrowband pump pulses and the second one the broadband Stokes pulses. The pump pulses are directly obtained from the laser output by spectral filtering with an etalon (SLS Optics Ltd.), with 14% throughput, resulting in 1026-nm pump pulses with 8-cm
bandwidth and >350 nJ pulse energy. The pump pulse duration is ≈1,7ps, as measured by autocorrelation. The remaining 10-J fraction of the output drives a collinear optical parametric amplifier (OPA), pumped by the second harmonic at 513 nm and seeded by a white light continuum (WLC) generated in a 6-mm-thick YAG plate [42] . By amplifying the portion of the WLC around 785 nm, we obtain an idler with ≈50-nm FWHM bandwidth tunable in the 1420-1540 nm range, covering a frequency detuning of ≈400 cm -1 in the 2700-3250 cm -1 region, enabling full coverage of the CH-stretching band. Typical pulse energy of the idler is ≈80nJ, which is more than sufficient for our experiments (utilizing only ≈1nJ Stokes pulse energy on the sample). The chosen Stokes wavelength enables straightforward temporal stretching in a standard SMF-28 telecom fiber. Furthermore, the combination of pump and Stokes wavelengths at 1µm and 1.5µm, respectively, enables us to minimize photodamage [14, 43, 44] due to multi-photon absorption in DNA and proteins in the ≈260-nm region, which is a four-photon process for the pump and a five/sixphoton process for the Stokes. We note that the (linear) water absorption coefficient is quite high for the Stokes pulse (=10-20 cm -1 between 1.4 and 1.55 µm) but for imaging single cells (with thickness of a few micrometers) or thin tissue slices (with a thickness reaching a few tens of micrometers) the overall absorption of the (weak) Stokes light would be limited to a few percent, which is negligible in most applications. On the other hand, the water absorption coefficient of the (intense) pump pulse at 1µm is much weaker (=0.3 cm -1 ). The pump pulse is modulated at 20-kHz frequency by an acousto-optic modulator. We could not modulate it at half the repetition rate of the laser because we observed a residual intensity modulation at 40 kHz that spoiled the measurement quality, probably due to a resonance in the Pockels cell of the Yb laser. Pump and Stokes, synchronized by a delay line, are collinearly combined by a dichroic beam splitter and focused on the sample by a 20×, NA=0.3 microscope objective with >90% transmission for both the pump and the Stokes wavelengths. After the sample, the transmitted Stokes, recollimated by a second objective, is sent to the PTS and the detection chain. To avoid nonlinear pulse distortions in the fiber, the pulse is pre-stretched using a grating pair (ruled reflective diffraction gratings with 600 grooves/mm and different size, models GR50-0616 and GR13-0616 from Thorlabs), placed at ~28-cm distance. This introduces negative dispersion (GDD  -1.2 ps 2 ) to the pulse, bringing it from 130 fs to ~33 ps (as measured by autocorrelation) and lowering its peak power enough to allow neglecting non-linearities in the fiber. The majority of the stretching is performed using a single-mode telecom fiber (Corning SMF28), providing a negative dispersion of
We have employed a fiber with L=18.65 km length, stretching the Stokes pulse to a ~15-ns duration. The fiber displays very low losses in this wavelength range, in the 0.2-0.4 dB/km (depending on the wavelength), resulting in a total attenuation <7 dB. The overall throughputs of the grating stretcher and the fiber stretcher (also considering the insertion losses, and the losses of the fiber connectors and the objectives) are ~15% and ~12%, respectively, which still yields enough pulse energy to allow detection by a fast photodiode (Teledyne LeCroy model OE 455, 3.5 GHz bandwidth, 1 V/mW responsivity) and analog to digital conversion through a high-bandwidth digital oscilloscope. We note that we could easily improve the throughput of the grating stretcher by at least a factor of four, if needed, employing a higher-quality grating pair. We could also replace the grating stretcher by a silicon prism pair, that would not only provide almost unitary throughput but it would also make the experimental setup more compact and easier to align. We compared two oscilloscope models: the first one (Teledyne LeCroy Waverunner 8254M) with higher bandwidth (2.5 GHz, 40 GS/s sampling rate) but lower resolution (8-bit digitization) and the second (Teledyne LeCroy HDO6104) with lower bandwidth (1 GHz, 2.5 GS/s sampling rate) but higher resolution (12-bit digitization).
Results and discussion
We first performed a calibration of the PTS spectrometer. Figure 2 (a) shows as a red solid line the temporal trace of the Stokes pulse recorded by the 12-bit 1-GHz oscilloscope, obtained by averaging 100 consecutive time traces. It lasts in total ~15ns, corresponding to ~40 samples. We note that it is not possible to trigger the oscilloscope using a reference signal from the laser itself, because such a trigger signal has a jitter of 1-2ns, which is much larger than the required precision. Furthermore, the total propagation time of a Stokes pulse through the fiber is ≈90 µs, more than 7 times longer than the pulse repetition period, so that external triggering from the laser sync signal would prevent acquisition of all laser shots. For these reasons, we designed a cross-correlation algorithm to post-process the acquired data and temporally align the traces. This results in ≈2-fold better performances with respect to a simple "level" trigger on the Stokes trace itself. Figure 2(a) also shows the corresponding Stokes spectrum measured by a conventional OMA as a blue dotted line. We can see that there is a very good agreement between the two techniques. The small deviations of the two curves are due to the different, wavelengthdependent coupling of the light through the OMA aperture slit with respect to the optical fiber. They do not constitute a problem, however, since the SRS spectra are differential signals (i.e. they always require normalization of the Stokes spectral change induced by the pump with respect to the Stokes spectrum itself).
The matching between the temporal trace acquired by the fast photodiode and the spectrum measured by the OMA is guaranteed via a time-spectrum calibration procedure. The dispersion introduced by the grating pair can be neglected with respect to that introduced by the fiber, so that we consider only the latter for the calibration of the PTS-SRS. By integrating the wellcharacterized dispersion curve D(λ) of our Corning SMF-28 telecom fiber over the wavelength, considering the total length L of the fiber, we easily obtain [45] the relative arrival time of the various wavelengths of the Stokes pulse at the photodiode:
The calibration thus only requires one input information, which is the arrival time T(λ 0 ) of a specific wavelength λ 0 . As the dispersion curve D(λ) is non-linear, one cannot overlap the two signals from the OMA and the PTS. To overcome this problem, we considered a sufficiently narrow portion of the two signals (from the OMA and the PTS) around the peak (so that the dispersion is approximately linear) and matched their centroid [vertical dotted line in Fig. 2(a) ]. The calibration curve obtained by this procedure is shown in Fig. 2(b) . The horizontal and vertical dotted lines represent the single-point calibration λ0 and T(λ0). In this way, we can map the time axis of the oscilloscope into the wavelength axis of the Stokes pulse.
This calibration procedure also allows us to retrieve the spectral resolution of the PTS-SRS setup. For the region of interest (1420-1540 nm range, corresponding to approx. 2700-3250 cm ). Recalling that the pump pulse has 8 cm −1 spectral bandwidth, determined by the transmission spectrum of the etalon, we conclude that the bandwidth of the oscilloscope is the limiting factor in determining the final spectral resolution of the SRS experiment. To improve it, one would simply need to further increase the fiber length or to replace it with a more dispersive one; this would also lead to higher losses, which would be tolerable because we are not employing the full energy of the Stokes and the pre-stretching grating pair guarantees negligible non-linearities in the fiber. Figure 3(a) reports the calibrated Stokes spectra in the absence (I OFF (λ), red curve) and in the presence (I ON (λ) , black curve) of the pump pulse, respectively, each averaged over 100 laser shots, for a methanol sample contained in a cuvette with 1-mm optical path. In this experiment and in the following, the Stokes power at the sample was kept below 80 µW, which is well below the sample damage threshold but still enough for reaching a sufficiently high voltage at the photodiode (almost 1V) considering the throughput of the collecting objective and of the grating/pulse stretchers. (corresponding to the symmetric and antisymmetric CH3 stretching mode, respectively). For comparison, we also reported as a dashed orange line the spontaneous Raman spectrum of methanol. Note that temporal alignment of the two pulses is crucial in order to perform an accurate subtraction; this is achieved by temporally shifting one of the two pulses until their cross-correlation is maximized. While this procedure is well suited for low SRG signals, it starts failing for high SRG because the IOFF(λ) and I ON (λ) spectral shapes differ significantly; in this case, we rely on a simple "level" trigger. Corresponding SRG spectrum of methanol obtained by PTS-SRS technique (black solid line). As a dashed orange line we also reported a reference spontaneous Raman spectrum of methanol, adapted from [8] .
The SRS signal displayed in Fig. 3(b) is rather intense, corresponding to a SRG of approximately 5%. Many applications, especially in biomedical optics, call for the detection of much weaker signals. To this end, we evaluated the achievable sensitivity with our PTS-SRS set-up for both oscilloscopes, performing a series of measurements with increasing number of spectra from N=4 (equivalent to two Stokes spectra with the pump and two without it) to N= 65,000 (for the 12-bit oscilloscope) and N=15,000 (for the 8-bit oscilloscope), corresponding in both cases to the maximum number of samples to fill the available memory. Figure 4 (a) reports the sensitivity (i.e. the rms SRG signal in the absence of any sample or pump pulses) of the 12-bit oscilloscope, which provided the best results, as a function of the number N of acquired spectra and the wavelength (lower scale) or Raman shift (upper scale). The noise of the measured spectral difference [ION(λ)-IOFF(λ)] is flat and the resulting concave shape is only due to the normalization with respect to the Stokes spectrum. Using a flat-top Stokes spectrum one could thus reach the same sensitivity across the entire spectral region of interest. Figure 4 demonstrates that we can reach 10 -5 sensitivity, typically required for detecting SRG signals of dilute species in biological microscopy applications [35] , in less than 1-second measurement time. for the 12-bit oscilloscope, but higher in practice due to non-idealities in the ADC such as noise, non-linearity, gain and offset errors and distortions introduced by the front end of the oscilloscope, thus reducing the effective number of bits (ENOB). We also note that, on average, the sensitivity is twice better for the 12-bit oscilloscope, which is therefore preferable for SRS microscopy applications where the SRG levels are typically very small. We applied our PTS-SRS instrument to the measurement of the Raman spectra of various solvents: methanol, cyclohexane, acetone and isopropanol. Figures 5(a) and 5(b) report the results for the 12-bit and the 8-bit oscilloscopes, respectively. While the 8-bit oscilloscope provides a better spectral resolution, the results are very similar and demonstrate the capability of the instrument to reveal the Raman peaks of different samples in the high-wavenumber region. We note that our spectral resolution is sufficient to distinguish, for example, not only the 2840 and 2940 cm -1 main peaks of methanol but also the shoulder at ≈2915 cm -1 with high accuracy [see also the comparison with the spontaneous Raman spectrum, orange dashed line in Fig. 5(b) ]. Similarly, we do not only detect the major peak of acetone at 2920 cm -1 but also its red-shifted shoulder at ≈2960 cm -1 . In particular, the high-speed 8-bit oscilloscope is also capable of distinguishing the doublet of cyclohexane at ≈2925 and ≈2940 cm -1 . This confirms the high spectral resolution achievable with our PTS-SRS instrument. We note the presence of small modulations in the acetone spectrum in the 2800-2850 cm -1 spectral region: since they are consistently reproducible (compare the SRG spectra measured with the 8-bit and the 12-bit oscilloscope) but not present in the spontaneous Raman spectra, we attribute them to crossphase modulation [46, 47] between pump and Stokes pulses in the sample. We measured the SRG spectrum of acetone using the PTS-SRS setup at various pump fluences, in order to confirm the achievable sensitivity and the linearity of the signal with the pump intensity. In Fig. 6(a) we plot the peak of the SRG signal at 2920 cm -1 (measured with the 12-bit oscilloscope) as a function of the pump energy in a log-log scale (brown circles), together with a linear fit. The inset reports an SRG spectrum measured in acetone at low pump energy (as indicated by the green arrow). Finally, we performed a dilution test of methanol in water, again with the 12-bit oscilloscope [ Fig. 6(b) ]. From top to bottom, starting from pure methanol, we halved its concentration at each consecutive run, down to ≈1.6%. The intensity of the SRG signal at 2840 cm -1 due to the methanol symmetric CH 3 stretching mode is plotted in the inset as a function of its concentration, together with a linear fit. This confirms the expected linear concentration dependence of SRS and demonstrates its capability to detect dilute species. 
Conclusions
In this paper we demonstrated a novel approach to broadband SRS, employing the photonic time stretch approach to detect single-shot spectra at high repetition rates. With our current implementation, using an 80-kHz repetition-rate laser, we covered a spectral window of 500 cm -1 , in the C-H stretching region, with frequency resolution of ≈10 cm -1 and a sensitivity of 10 -3 in 400 µs and approaching 2·10 -5 for 1-second acquisition time. These performances are already suitable for a number of applications, such as monitoring microfluidic flows [48] , the onset of chemical reactions [49] or solid-state samples such as pharmaceutical products [50] .
We anticipate three major future developments of the instrument. First, tuning the OPA to the 1200-1300 nm wavelength region, we could extend the spectral coverage of SRS to the fingerprint region. One of the great advantages of the PTS-SRS technique, in fact, is that acquisition speed does not depend upon the covered spectral region. Second, using commercially available 5-MHz Yb amplified lasers with ≈10-µJ pulse energy (sufficient for both seeding the OPA stage and generating the pump pulses), we could shorten the acquisition time considerably, down to 6 µs for 10 -3 sensitivity and 16 ms for 2·10 -5 sensitivity. This result paves the way to high-speed coherent Raman imaging of samples with their entire vibrational signature, which is the third goal we are planning to achieve. As recently excellently reviewed by Camp and Cicerone [12] , the fastest acquisition time for the entire vibrational signature over both the fingerprint and the C-H stretching region ranges in the 1-10 ms per spectrum, using either broadband CARS [13] or spectral-focusing CARS [20] . With the aforementioned full Raman spectral coverage and acquisition speed, the PTS technique could be the first based on SRS to reach or eventually even overcome state-of-the-art competing experimental setups.
As a perspective, this technique could also be applied to pump-probe spectroscopy [51] , which is a third-order nonlinear process very similar to SRS. The only differences are: (i) the pump pulse is tuned in resonance with an electronic absorption transition of the sample; (ii) the pump pulse can have a broader spectral bandwidth, corresponding to a pulse profile with subps duration, so that the temporal resolution can be of the order of 100-fs or even better; (iii) the Stokes pulse is called probe; (iv) the temporal delay between the pump and probe pulses is not anymore fixed at zero but rather scanned from negative to positive delays, in order to follow excited-state dynamics. On the one hand, a PTS-based pump-probe setup would allow one to achieve a broad spectral coverage with the high sensitivity typical of laser sources with MHz repetition rates, overcoming the problem of the absence in the market of line-scan cameras or CCDs with high dynamic range and µs-level refresh rate [51] . On the other hand, it would also allow one to track in real time irreversible photochemical reaction dynamics in the case of sample scarcity or product accumulation, that would otherwise require multiple laser shots [52] . The latter approach would require a relatively narrowband probe pulse with ≈100-fs transformlimited duration but stretched to several-picosecond duration on the sample, matching the overall temporal scale of the photoinduced dynamical processes to be studied, partially overlapped in time with the pump (with ≈100-fs duration) so that its major portion lies at positive time delays. After the sample, a PTS setup would allow one to stretch the probe pulse to the nanosecond temporal regime, so that the photo-induced sample dynamics, mapped in time onto the probe pulse temporal profile, would be measured with a fast digital-to-analogue converter. 
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